In the electrically correlated metal URhGe ferromagnetic order (T C = 9.5 K) and superconductivity (T s = 0.25 K) coexist at ambient pressure. Here we report on chemical substitution of Rh by Ru, which enables one to tune the Curie temperature to T = 0. URuGe has a paramagnetic ground state and is isostructural to URhGe. We have prepared a series of polycrystalline URh 1−x Ru x Ge samples over a wide range of x values. Magnetization and electrical resistivity data show, after an initial increase, a linear suppression of T C with increasing x. The critical Ru concentration for the suppression of ferromagnetic order is x cr ≈ 0.38. The U(Rh,Ru)Ge samples are further investigated by X-ray powder diffraction, specific heat, and magnetization under pressure. For the critical Ru concentration x cr ≈ 0.38 non-Fermi liquid (NFL) behavior is observed in the specific heat at low temperatures (C/T ∼ − ln(T /T 0 )). In addition, we have studied the evolution of ferromagnetism in polycrystalline URh 1−x Co x Ge samples with 0 ≤ x ≤ 1. Magnetization measurements show that ferromagnetic order is suppressed for x close to 1 only so that UCoGe is in fact close to a quantum phase transition. Finally, magnetization data on URhGe 1−x Si x samples (0.0 ≤ x ≤ 0.20) show no change in T C up to x = 0.20.
Abstract.
In the electrically correlated metal URhGe ferromagnetic order (T C = 9.5 K) and superconductivity (T s = 0.25 K) coexist at ambient pressure. Here we report on chemical substitution of Rh by Ru, which enables one to tune the Curie temperature to T = 0. URuGe has a paramagnetic ground state and is isostructural to URhGe. We have prepared a series of polycrystalline URh 1−x Ru x Ge samples over a wide range of x values. Magnetization and electrical resistivity data show, after an initial increase, a linear suppression of T C with increasing x. The critical Ru concentration for the suppression of ferromagnetic order is x cr ≈ 0.38. The U(Rh,Ru)Ge samples are further investigated by X-ray powder diffraction, specific heat, and magnetization under pressure. For the critical Ru concentration x cr ≈ 0.38 non-Fermi liquid (NFL) behavior is observed in the specific heat at low temperatures (C/T ∼ − ln(T /T 0 )). In addition, we have studied the evolution of ferromagnetism in polycrystalline URh 1−x Co x Ge samples with 0 ≤ x ≤ 1. Magnetization measurements show that ferromagnetic order is suppressed for x close to 1 only so that UCoGe is in fact close to a quantum phase transition. Finally, magnetization data on URhGe 1−x Si x samples (0.0 ≤ x ≤ 0. 20) show no change in T C up to x = 0.20.
Introduction
Recently, URhGe has attracted significant attention because ferromagnetism (Curie temperature T C = 9.5 K) and superconductivity (T s = 0.25 K) were found to coexist at ambient pressure [1] . The superconducting state is believed to have its origin in the proximity to a ferromagnetic instability: near the quantum critical point (QCP) enhanced ferromagnetic spin fluctuations would mediate spin-parallel Cooper pairing. The QCP is reached when T C is tuned to T C = 0. That magnetic fluctuations play an important role, is indicated by the field-induced superconductivity found in URhGe for a magnetic field of 12 T along the b-axis [2] . At this field a spin reorientation takes place and magnetic fluctuations reappear. It is therefore of interest to establish how far URhGe is from the QCP and to study these fluctuations in the vicinity of the QCP. In the vicinity of this point the Fermi liquid theory breaks down and new physics is expected to manifest itself (non-Fermi liquid physics (NFL)). An enhanced Sommerfeld coefficient (linear term in the electronic specific heat) of γ = 160 mJ/mol K 2 and a small ordered magnetic moment of ∼ 0.4 µ B /U-atom indicate that URhGe is close to a quantum phase transition. In the group of UTGe compounds, with T a transition metal, URhGe is surrounded by paramagnetic compounds (UCoGe and URuGe) and magnetically ordered compounds (UIrGe and UPdGe) [3] .
Unlike UGe 2 [4] and UIr [5] , neither hydrostatic pressure (up to 130 kbar) nor uniaxial pressure is effective in tuning URhGe to a quantum critical point, as pressure enhances T C [6, 7] . T C can be reduced by appropriate chemical substitutions, but it is clear that these substitutions reduce the mean free path of the electrons and thereby destroy the superconductivity. However, the magnetic fluctuation spectrum is generally less sensitive to the crystal quality. Chemical substitution leads to a loss of translational symmetry, but this does not necessarily inhibit quantum critical behavior, as demonstrated in, e.g., the substitutional system CeCu 6−x Au x [8] . This opens up the possibility to study a ferromagnetic quantum critical point in chemically substituted URhGe. For other examples of materials that exhibit non-Fermi liquid behavior induced by chemical substitution, see [9] .
In principle, one has the choice of substituting any of the three elements U, Rh, or Ge by another element. U is the only magnetic ion in the compound and substituting U by, e.g., Th, would result in a decrease in the number of magnetic 5f ions in the system. One would rather like to alter T C in a way which has the same underlying mechanism as external pressure, namely tuning the lattice parameters and the f -ligand hybridization (either the f -d or f -p hybridization). This is achieved by substituting Rh (f -d) or Ge (f -p).
The choice of elements to substitute on the Rh site with the aim to reduce T C is limited [3, 10] . UPdGe is a ferromagnet with T C = 30 K and therefore the substitution of Rh by Pd is not expected to decrease T C . UNiGe, UPtGe, and UIrGe are antiferromagnets. It has been shown by Chevalier et al. [11] that in the URh 1−x Ir x Ge series a sudden transition occurs from a ferromagnetic to an antiferromagnetic ground state near x = 0.45 − 0.50. Introducing T = Ni, Pt, or Ir is therefore expected to introduce competing antiferromagnetic correlations in U(Rh,T )Ge. UFeGe is not isostructural to URhGe, unlike the aforementioned compounds. A structural transition is therefore expected at a certain Fe concentration. Since URuGe and UCoGe are both Table 1 . Lattice parameters a, b, c, unit-cell volume V , and some magnetic properties of URhGe, URuGe, UCoGe, and URhSi. The lattice parameters are determined at room temperature, except in [12] , where they were determined at 80 K. The TiNiSi structure notation is used, i.e. a and b are interchanged with respect to the notation in the CeCu 2 structure. See the main text for details. γ is the coefficient of the electronic specific heat, T C the Curie temperature, and µ S the ordered magnetic uranium moment. WTDP stands for weakly temperature dependent paramagnet and PM for paramagnet. A similar screening can be made for substitution on the Ge site. URhSi and URhSn have T C = 9.5 K and T C = 16.5 K, respectively. Chemical substitution of Ge for Si or Sn is not expected to decrease T C . A few samples were prepared to check this expectation for URhGe 1−x Si x .
It should be noted that chemical substitution of Rh and Ge by Co or Si, respectively, is isoelectronic. Hence there will only be an effect because of the size difference. In the case of substitution of Rh by Ru, however, there is also a change in valence changes since Ru has one electron less than Rh. In this case both size and valence will influence the hybridization.
A comparison of the lattice parameters a, b, and c and the unit-cell volume V for the systems of interest is made in table 1. The UT Si and UT Ge compounds were first reported to crystallize in the CeCu 2 crystal structure (space group Imma) in which U occupies the Ce position and T and Si or Ge are randomly distributed over the Cu sites. Later, a careful analysis of neutron and X-ray diffraction data however indicated the TiNiSi structure (space group P nma) [3, 19] . The TiNiSi structure is the ordered variant of the CeCu 2 structure where T and Si or Ge occupy inequivalent positions. To enable a straightforward comparison of lattice constants measured by different authors the TiNiSi notation will be used in table 1, i.e., a and b are interchanged with respect to the CeCu 2 notation.
URhGe has the largest unit-cell volume V , followed by URuGe and URhSi. UCoGe has by far the smallest V . Chemical substitution of Rh by Ru mainly affects the a-axis, whereas substitution by Co affects the b and, primarily, the c-axis. With the introduction of Si the a-axis increases and the b-and c-axes decrease.
Some magnetic properties are listed in table 1 as well. URhGe and URhSi have the same Curie temperature of 9.5 K. URuGe is a weakly temperature dependent paramagnet. Measurements down to 1.2 K suggest that UCoGe is a paramagnet as well, although Canepa et al. [18] reported T C = 46 K, deduced from resistivity data. Magnetization measurements at low temperatures in fields up to 35 T, suggest that UCoGe is relatively close to ferromagnetic order, because data taken on a powder sample show, compared to other paramagnetic systems like URuGe, a relatively large field-induced magnetic moment (0.58 µ B /f.u. at 35 T) [16] . URhGe and URhSi have relatively high γ values, whereas UCoGe and URuGe have moderate ones.
In this paper, dc magnetization measurements performed on the three series URh 1−x Ru x Ge, URh 1−x Co x Ge, and URhGe 1−x Si x are reported. It was found that substitution by Co leads to an increase of T C up to T C = 20 K for x = 0.60, beyond which T C drops to 0 for x close to 1. Samples in which Ge is chemically substituted by Si did not show any change in T C up to x = 0.20. The U(Rh,Ru)Ge system, however, does show a complete suppression of the ferromagnetism for low x. After an initial increase, T C decreases linearly and vanishes at a critical Ru concentration of x cr ≈ 0.38, suggesting a quantum critical point. The U(Rh,Ru)Ge system is investigated further by electrical resistivity, X-ray powder diffraction, specific heat, and magnetization under hydrostatic pressure to study the role of the f -ligand hybridization in decreasing T C and to look for possible non-Fermi liquid behavior as the quantum critical point is approached. A brief preliminary account of these results was reported in [20] .
Experimental
Polycrystalline samples of U(Rh,Ru)Ge, U(Rh,Co)Ge, and URh(Ge,Si) with Ru, Co, and Si concentrations x of 0.0 ≤ x ≤ 1.0 were prepared by arc melting the constituents U, Rh, Ru, Co (all 3N purity) and Ge (5N) under a high-purity argon atmosphere. Each sample was melted several times and turned over after each melt to improve the homogeneity. The as-cast buttons were wrapped in Ta foil and put in quartz ampoules together with a uranium getter. After evacuating and sealing the quartz ampoules, the samples were annealed for ten days at 875
• C. The single-phase nature of the samples was checked by electron probe micro-analysis (EPMA) and by X-ray powder diffraction. The X-ray diffraction patterns and the EPMA measurements showed no signs of impurity phases within the resolution of less than 5 vol.% and 2 vol.%, respectively.
The dc magnetization at ambient pressure was measured in a MPMS XL-5 Quantum Design SQUID magnetometer. Temperature scans were performed between 1.8 and 20 K in a field of 0.01 T and between 2 and 300 K in a field of 1 T. In both cases the samples were zero-field cooled. Field scans of the magnetization were made in fields up to 5.5 T at several temperatures.
Magnetization measurements at a pressure of 4.3 kbar were performed using an Oxford Instruments MagLab vibrating sample magnetometer (VSM). The pressure clamp cell was made of Cu alloyed with Be. Temperature scans were made in fields of 0.01 T and 1 T. Magnetic field scans were performed in fields up to 12 T at several temperatures. The pressure was determined by measuring the superconducting transition temperature T s of a piece of lead inside the pressure cell (T s = 7.2 K at ambient pressure). The pressure transmitting medium was a mixture of methanol and ethanol (1 : 4).
Electrical resistivity, ρ(T ), measurements were performed using a standard four probe ac technique in zero field from 2 to 300 K in a MagLab system of Oxford Instruments.
X-ray diffraction measurements at room temperature were performed using a Bruker D3 Advance X-ray diffractometer with Cu-Kα radiation. Powders made from the polycrystalline samples were covered by Kapton foil to prevent contamination. Rietveld analysis of the diffraction data was performed using the GSAS program [21] .
The specific heat C p (T ) was measured using the semi-adiabatic method in combination with a mechanical heat switch in a 3 He cryostat. The mass of the samples amounted to 3 -4 grams.
Results

Magnetization at ambient pressure
The influence of the chemical substitution of Rh by Ru on the Curie temperature T C was studied by dc magnetization M(T ) at ambient pressure. The results are shown in figure 1 . Also shown, in the lower part of the figure, is the derivative dM(T )/dT . T C is defined as the temperature at which dM(T )/dT has a minimum. The magnetization was measured after zero-field cooling in a small field of 0.01 T, because a larger field will move the inflection point (dM(T )/dT ) min to higher temperatures [15] and bias the determination of T C . On the other hand, a small field of 0.01 T will most probably not significantly expel the magnetic domains when the sample is zero-field cooled.
In addition to M(T ), the magnetization as a function of magnetic field M(B) has been measured up to 5.5 T at several fixed temperatures. From these measurements Arrott plots are derived. In figure 2 the results for x = 0.25 are shown as an example. The Curie temperatures deduced from the Arrott plots agree very well with the temperature at which (dM(T )/dT ) 0.01T is minimum.
It is clearly seen in figure 1 that the pure URhGe compound has a T C of about 9.6 K, in accordance with the literature value [1] . When Rh is chemically substituted with a small amount of Ru, T C of URh 1−x Ru x Ge shifts upwards to 10.4 K for x = 0.10. Subsequently, there is a monotonic decrease of the Curie temperature for increasing x. At x = 0.15, T C has reached roughly the same value as for x = 0. For the samples with x = 0.35, 0.375, 0.40, and 0.60 no transition was observed in the measured temperature range (T > 1.8 K). However, the Arrott plots (not shown) clearly indicate a paramagnetic ground state for x = 0.40 and 0.60, whereas they do suggest ferromagnetism for x = 0.35 below T C ≈ 1.3 K. This is estimated by extrapolating the points of intersection of the Arrott isotherms for temperatures above T = 1.8 K with the horizontal µ 0 H/M axis. Figure 1 indicates that for increasing Ru concentrations the transition broadens. The peak in (dM(T )/dT ) loses height but gains in width, indicating an increase in disorder caused by chemical substitution. X-ray measurements (section 3.3) clearly indicate a single-phase structure. A variation in the local Ru concentration x can therefore only exist on an atomic scale. A higher annealing temperature could possibly sharpen the transition.
In figure 3 the temperature dependence of the reciprocal susceptibilities is shown for the URh 1−x Ru x Ge series. The susceptibility is measured in a field of 1 T. The temperature dependence of the reciprocal susceptibility of metallic compounds normally exhibits deviations from the linear Curie-Weiss behavior, which can be accounted for by fitting the data to the modified Curie-Weiss (MCW) law χ(T ) = C/(T −θ)+χ 0 , where χ 0 represents a temperature-independent contribution. However, in polycrystalline samples of materials with strongly anisotropic magnetic properties pronounced deviations from the MCW behavior are often observed. Therefore, no attempt was made to model the susceptibility with the MCW law. Note that for single crystals of URhGe the susceptibility does follow a MCW behavior with θ ≈ T C , as demonstrated in [1] for the easy-axis susceptibility.
In figure 4 the magnetization measured in 0.01 T as a function of temperature is shown for the URh 1−x Co x Ge series. The Curie temperatures as deduced from (dM(T )/dT ) min agree with those deduced from Arrott plots. Figure 5 shows the results for x = 0.60 as an example. T C increases monotonically up to 20 K for x = 0.60. For higher values of x, T C decreases and vanishes somewhere between x = 0.90 and x = 1.0.
As in the case of Ru-substitution the transition broadens, probably due to the variation on the atomic scale of the Rh and Co concentrations. If this is the case, one expects an equal width of the dM/dT peak at T C for two compounds symmetric with respect to x = 0.50, since compounds with this substitution concentration have the highest degree of disorder. In fact, after vertical scaling and horizontal translation the peaks for x = 0.40 and x = 0.60 are indeed identical. The decrease of the measured magnetization is probably caused by a smaller ordered magnetic moment. Susceptibility measurements in 1 T (see figure 6 ) indicate a smaller ordered magnetic moment for x = 0.60 than for x = 0.40.
In figure 7 the magnetization measured in 0.01 T as a function of temperature is shown for the URhGe 1−x Si x series. The Curie temperatures as deduced from (dM(T )/dT ) min agree with those deduced from the Arrott plots. Figure 8 shows the Arrott plots for x = 0.20. T C remains constant up to x = 0.20. The transition seems to be slightly broadened for x = 0.20, compared to x = 0, as in the case of substitution of Rh by Ru. However, the peak in dM/dT for x = 0.20 is also higher than for x = 0. Vertical scaling shows that the peaks are in fact equally sharp. Here the same is true as for substitution by Co. The ordered magnetic moment at 2 K in 1 T (figure 9) for x = 0.20 is larger than for x = 0. In summary, chemical substitution of Ge by Si up to x = 0.20 tends to enhance the ordered magnetic moment, but does not significantly change T C . Note that this seems to indicate that in table 1 the value of µ s taken from [19] is more reliable than the value reported in [17] .
Electrical resistivity
The URh 1−x Ru x Ge series is further investigated by measuring the temperature dependence of the electrical resistivity ρ(T ). In figure 10 the low-temperature ρ(T ) is shown for URhGe. Also shown is the derivative dρ/dT . The Curie temperature T C is defined as the intercept of the linear fits above and below T C . For URhGe T C = 9.4 K is obtained, in agreement with the magnetization results. Some authors define T C differently, i.e. as the inflection point of the sharp increase in dρ/dT around T C , yielding a slightly higher value for T C . The absolute values of ρ(T ) reported here are somewhat smaller than the ones found by Tran and Troć [22] for polycrystals, but somewhat larger than reported by Prokeš et al. for a single crystal [15] . The residual resistance ratio (RRR) for the URhGe sample is 6, whereas for all the measured chemically substituted samples RRR ≈ 2 is obtained.
In figure 11 the temperature dependence of the electrical resistivity ρ(T ) for U(Rh,Ru)Ge is shown. In the high-temperature region ρ(T ) increases with decreasing temperature. At lower temperatures, the increase gradually changes to a decrease, for different concentrations x at different temperatures, leading to a broad maximum. For URhGe it is seen that at T C there is a sharp drop, caused by a decrease in spin-disorder scattering. For x > 0, the transition becomes less pronounced, in agreement with the magnetization data. Arrows indicate the Curie temperatures determined as mentioned above. For x ≥ 0.35 no transition was found in the measured temperature range.
Below T C , ρ(T ) follows the behavior ρ 0 + AT n . In table 2, values found for ρ 0 , A, and n are listed for a few samples. The fitting region is 2 K < T < 6.5 K. Since the parameters have been determined over a rather small T interval, the values are not very Table 2 . Obtained fitting values of the low-temperature electrical resistivity to the expression ρ = ρ 0 + AT n for a few samples. The fitted temperature range is 2 K < T < 6.5 K. Since the parameters have been determined over a rather small T interval, the values are not very precise. precise. However, it is possible to look for trends. The residual resistivity ρ 0 increases with increasing x reflecting the atomic disorder caused by the Ru substitution. The exponent n also increases with increasing x, and attains values close to the Fermi-liquid value n = 2. Above the critical concentration an almost linear temperature dependence of ρ(T ) is found with n = 1.19. A similar behavior is reported for UIr [23] . In order to investigate the full x-dependence of n, experiments at lower temperatures (T < 2 K) are obviously required. Ge as a function of the Ru concentration x determined by X-ray powder diffraction at room temperature. The lines are fits to the data. It is clearly seen that substitution of Rh by Ru mainly affects the a-axis, whereas the b-axis can be considered to be constant.
X-ray powder diffraction
Since URhGe and URuGe are isostructural but do not have the same unit-cell dimensions (the unit-cell volume of URuGe is slightly smaller), it is interesting to compare the volume effect of Rh substitution by Ru and of external pressure. Especially the x = 0.10 sample could give valuable information about the nature of the mechanism leading to the observed increase of T C . For this purpose X-ray powder diffraction measurements have been performed at room temperature on some of the samples. The X-ray data confirm the orthorhombic P nma structure of URhGe and show the same structure for URh 1−x Ru x Ge for all x > 0 measured. The deduced lattice parameters are shown in figure 12 . No secondary phase was observed within experimental uncertainty. Note that the relative scales on the left-hand side as well as on the right-hand side in figure 12 are equal. It is clear that the a-axis is by far most affected by the substitution of Rh by Ru. The c-axis shows a slight increase with increasing x, whereas the b-axis remains practically constant. A linear fit describes the data well and shows that the lattice parameters of the URh 1−x Ru x Ge series follow Vegard's law [24] . The a-axis can be described by a = (6.887 (3) − 0.217 (8) · x)Å, the b-axis by b = (4.334 (1)−0.010 (3)·x)Å, and the c-axis by c = (7.513 (2)+0.031 (5)·x)Å. This leads to a unit-cell volume which is linear in x well within experimental uncertainty: V = (224.25 (13) − 6.66 (34) · x)Å 3 . The value for URhGe (x = 0) agrees with literature (table 1). The extrapolated value for URuGe, V = 217.59Å
3 for x = 1, is slightly smaller than found in table 1, but compares well with literature values as well.
Although substituting Rh by Ru mainly affects the a-axis, the reduction of the number of d-electrons and the substitution by a slightly smaller atom also affects the hybridization and thereby the magnetic properties. This will be further elaborated on in the discussion (section 4).
Concerning the T C maximum around x = 0.10. As can be seen in figure 12 , the lattice parameters of URh 1−x Ru x Ge show no special feature around x = 0.10 within the experimental error. Likewise, the X-ray data do not show any anomaly in the lattice parameters in the region around x = x cr = 0.38.
Specific heat
In the investigation of enhanced magnetic correlations as a quantum critical point is approached, knowledge of the linear electronic specific heat coefficient at low temperatures, γ, is essential. In figure 13 the temperature dependence of the specific heat divided by temperature (C p /T ) in zero field is shown for a few characteristic samples of the URh 1−x Ru x Ge series. Note the logarithmic temperature axis.
For temperatures above ∼ 20 K, the curves coincide. In this region, the specific heat is dominated by the phonon contribution. Fits to the equation C/T = γ + β T for temperatures between T = 15 and 22 K lead to β = 0.60 (1) mJ/mol K 4 for all values of x. From this value of β a Debye temperature θ D of about 210 K is obtained, in accordance with the value obtained by Prokeš et al. [15] . Values for γ range from 115 (3) mJ/mol K 2 for x = 0 to 91 (3) mJ/mol K 2 for x = 0.50. The fit has been restricted to temperatures below 22 K because above this temperature the C/T curves start to deviate from the T 2 dependence. For temperatures up to 40 K (the highest temperature measured) no indication of crystal field effects was observed.
Below ∼ 15 K short-range magnetic correlations start to play a role. At lower temperatures, a pronounced peak is observed, indicating the ferromagnetic transition. For x = 0, a Curie temperature of 9.5 K is obtained. The compound with x = 0.10 has a slightly higher T C . For x > 0.10, T C drops. For x = 0.38 and 0.50, no peak is observed down to the lowest temperature. The deduced Curie temperatures are consistent with the magnetization and electrical resistivity data. Also, the transition broadens, as it has been shown before for magnetization and resistivity data.
Note that the temperature dependence of the magnetic specific heat for 0 < T < T C changes from character in the case of chemical substitution. For URhGe it is found that C p = γT + AT 3/2 , where the second term (a power law) corresponds to the contribution of ferromagnetic spin waves [25] . For finite x the spin-wave term becomes exponential, indicating the opening of a gap in the spin-wave excitation spectrum [25] . A detailed analysis will be published elsewhere [26] .
The most interesting information is found at the lowest temperatures. For pure URhGe, a linear electronic coefficient of γ = 167 mJ/mol K 2 is found, consistent with literature (see table 1). As x is increased, γ decreases. For x = 0.10, γ = 136 mJ/mol K 2 ; for x = 0.15, γ = 127 mJ/mol K 2 ; for x = 0.20, γ = 136 mJ/mol K 2 ; for x = 0.50, γ = 181 mJ/mol K 2 . The compound with the concentration x = 0.38 shows non-Fermiliquid behavior. This confirms that x cr = 0.38 is the critical concentration as deduced previously from the magnetization measurements. A linear dependence of C/T on ln T is found in the temperature region between 0.57 K and 2 K: C/T = −b ln (T /T 0 ) with b = 0.061 J/mol K 2 and T 0 = 46 K.
Magnetization under pressure
The purpose of measuring magnetization under pressure on compounds with one element substituted for another, is twofold. First of all, one may obtain the pressure dependence of T C for the chemically substituted compound. This value can be compared to the (hydrostatic) pressure dependence of the pure compound. Secondly, the data might separate the two contributions leading to the change in T C : the hybridization dependence on volume and on the number of electrons in the d-band. Combined concentration/pressure experiments have been carried out on, e.g., CeCu 6−x Au x [8] .
A pressure of 4.3 kbar was applied to URh 0.675 Ru 0.325 Ge which is close to the quantum critical point, with T C = 2.8 K at ambient pressure (see figure below) . In figure 14 the Arrott plot is shown, constructed from the magnetization measurements 
M(T ).
Although field sweeps were performed up to 12 T, here only the (most interesting) low-field part is shown. The data have been corrected for the contribution of the Cu-Be pressure cell. Unfortunately the curves do not continue down to µ 0 H/M = 0, because for low fields the measurements were disturbed by the signal of the piece of lead used for the pressure determination.
Linear extrapolation of the curves to lower values of µ 0 H/M unmistakably shows that the T = 2.6 K curve intersects the M 2 axis, the T = 3.0 K curve the µ 0 H/M axis, and the T = 2.8 K curve passes through the origin (within uncertainty), indicating that T C = 2.8 K. This value is the same as for ambient pressure. It is remarkable that a pressure of 4.3 kbar does not alter the Curie temperature, especially since the compound is close to a quantum phase transition. In [7] it is shown that dT C /dp ≈ 0.065 K/kbar for URhGe, when fitting T C (p) with a linear function over the whole pressure range up to 140 kbar, whereas dT C /dp = 0.119 (6) K/kbar is found by dilatometry as the pressure dependence for p → 0 [6] . A pressure of 4.3 kbar would thus lead to an enhancement ∆T C in the range 0.28 − 0.51 K in URhGe. However, ∆T C is essentially negligible for URh 0.675 Ru 0.325 Ge. The apparent strong dT C /dp dependence on Ru substitution should be checked for other values of x.
In addition it should be mentioned that in a field of 1 T and at 2.5 K (the lowest temperature measured in 1 T) a moment of M = 0.065 µ B /f.u. is found at p = 4.3 kbar. This can be compared to the larger value of M = 0.078 µ B /f.u. observed in the same field at ambient pressure.
Analysis and Discussion
Ru substitution
The main results for the Ru-substitution are reported in figure 15a , where the Curie temperature T C of the URh 1−x Ru x Ge series is shown as a function of Ru concentration x, deduced from the magnetization and electrical-resistivity measurements. The values of T C obtained by both techniques are equal within the experimental error and coincide with specific-heat results.
For the pure URhGe sample T C = 9.5 K is found, in agreement with the literature value [1] . Remarkably, when substituting small amounts of Rh by Ru, the Curie temperature shows an initial increase up to 10. figure by a filled square) . This is consistent with the linear decrease of T C . A linear extrapolation of T C (x) leads to a critical concentration for the suppression of ferromagnetic order x cr ≈ 0.38. This is confirmed by the non-Fermi-liquid behavior observed in the specific heat for x = 0.38 ( figure 13 ).
In figure 15b the Ru concentration dependence x of the specific heat divided by temperature, C/T , at 0.6 K is shown as well as the literature value of the Sommerfeld coefficient γ for URuGe (see table 1 ). Clearly there is a minimum at x = 0.15. This is consistent with the initial increase of T C . At x = 0.38, C/T (0.6 K) is twice as high as for x = 0.15, followed by a decrease up to x = 0.50. This indicates that as the critical concentration is approached, magnetic correlations tend to become stronger. (Note that while the data do suggest a maximum of C/T near the quantum critical point, the exact form is speculative at this point.) In fact, rhe low-temperature part for x = 0.38 can be fitted to the non-Fermi-liquid function C/T = −b ln (T /T 0 ) with T 0 = 46 K. This is exactly the function predicted by Millis [27] for a three dimensional ferromagnet at the quantum critical point. Here T 0 is the spin-fluctuation temperature, i.e. a measure of the strength of the magnetic interactions. Specific-heat measurements on U(Rh,Ru)Ge compounds with x close to the critical value should yield important information about the evolution from Fermi-liquid to non-Fermi-liquid behavior.
In figure 15c the magnetization at 2 K in a field of 1 T is shown as a function of Ru concentration x. Clearly it has a similar dependence on x as T C , as expected. First an increase of M is observed, followed by a decrease for x > 0.10. Around x cr a little hump is present in M(2 K, 1 T, x). It might be possible that this hump is the signature of the critical point in fact being first order. For ZrZn 2 a first order transition is signalled at the critical pressure by a jump in the Curie temperature T C as well as in the magnetization M with increasing pressure p [28] . A similar anomaly in the magnetization M is observed for UGe 2 [29] . Unfortunately, the number of data points in the vicinity of x cr is too limited to draw definite conclusions on the nature of the transition at the critical point for URh 1−x Ru x Ge at this stage.
The suppression of magnetism in 4f -electron metals close to an electronic instability is often discussed in terms of a simple Doniach picture [30] , i.e., the competition between the on-site Kondo interaction and inter-site RKKY interaction. The control parameter -the exchange interaction J -increases with increasing hybridization. For weak hybridization, i.e. low Kondo temperature, the RKKY interaction is favored, while a large J favors the nonmagnetic Kondo-singlet ground state. Hence the generic T C (p) passes over a maximum as observed, e.g., for the pressure dependence of T C in ferromagnetic CeAg [31] . This might be the case for of URhGe as pressure enhances T C [6, 7] . On the other hand, more sophisticated models, like the one proposed by Sheng and Cooper [32] obtain an increase of the magnetic ordering temperature with pressure for compounds like UTe by incorporating the change in the f -density spectral distribution under pressure in LMTO band-structure calculations. Such a model could in principle also explain the increase of T C in URhGe under pressure and the initial increase of T C in U(Rh,Ru)Ge. However, similar band-structure calculations for URhGe have not been performed yet, but would be highly desirable.
The decrease of T C beyond x = 0.10 is likely to be attributed to the effect of emptying the d-band, since Ru has one electron less than Rh. In a simple model, extracting electrons from the d-band of the "electron sea" gives the opportunity to the U f -electrons to fill the holes thus created in the d-band. This results in a strengthening of the f -d hybridization, which in turn leads to a larger exchange parameter J, favoring the Kondo interaction. Apparently, this effect dominates the volume effect for x > 0.10. Disorder is expected to play a secondary role because T C of URh 1−x Co x Ge samples with similar disorder gradually increases up to 20 K for x = 0.60.
For x > 0.20 the Curie temperature T C shows a linear dependence on the control parameter, the Ru concentration x: T C ∼ |x − x c |. In the magnetic phase diagram proposed by Millis [27] the magnetic ordering temperature for itinerant fermion systems varies as T M ∼ |δ − δ c | z/(d+z−2) , with δ some control parameter driving the magnetic-to-nonmagnetic transition (e.g., pressure, magnetic field, chemical substitution concentration), δ c the critical value of the control parameter, d the dimension of the system, and z the dynamic critical exponent (z = 2 for antiferromagnets and z = 3 for ferromagnets). In the present case (d = 3) T C ∼ |x − x c | 3/4 would thus be expected, in contrast with the observed T C ∼ |x − x c |. A possible explanation could be that the critical region does not extend all the way to x = 0.20. In this study T C might not have been determined accurately and close enough to x cr . An alternative explanation might be that the effective dimension for the magnetic correlations is reduced from d = 3 to d = 2. This idea is supported by the strong magnetic anisotropy that essentially confines the magnetic moment to the b − c plane. However, the theoretical model then does not predict a logarithmic difference of C/T , as observed (figure 13), but a power law (C/T ∼ T −1/3 ). It is interesting to compare the volume effect due to substitution by Ru and due to pressure in URhGe. URhGe and URuGe are isostructural, the unit-cell volume of URuGe being slightly smaller. X-ray powder diffraction data on some of the samples show that the lattice parameters of the URh 1−x Ru x Ge series follow Vegard's law (see section 3.3). With an estimated isothermal compressibility κ = −V −1 (dV /dp) of 0.8 Mbar −1 [6] , 10 at.% substitution of Rh by Ru (x = 0.10) corresponds to a pressure of 3.7 kbar. With dT C /dp = 0.065 K/kbar [7] this pressure results in a small increase of T C to 9.8 K, while T C ∼ 10.5 K for 10 at.% Ru substitution would suggest a much larger dT C /dp ≈ 0.24 K/kbar, if attributed solely to a volume effect. The divergence may arise because the unit-cell reduction upon Ru substitution is strongly anisotropic and dominated by the decrease of the lattice parameter a, whereas hydrostatic pressure is expected to give a much more isotropic unit-cell reduction. Since uniaxial pressure along any direction enhances T C [6] , hydrostatic pressure will enhance T C even more. This can be seen from the fact that, in first approximation, dT C /dp i ≈ (1/3) dT C /dp.
Furthermore, the effect of external pressure with the shrinkage of the a-axis due to Ru-substitution, a change of volume, affects the overlap of f -and d-orbitals, and therefore, leads to a change in energy of the f -band. The number of electrons in the system is however constant, and therefore − in a rigid-band picture − also the Fermi level. The change in Curie temperature is determined by the change in proximity of the f -band to the Fermi level. In the case of Ru substitution, on the other hand, the cause is the removal of electrons from the d-band. U f -electrons are able to fill the space of the so created holes. This enhances the f -d hybridization and T C is affected. The Fermi level is lowered and approaches the f -band. As a side effect, a reduction in unit-cell volume is observed.
Hydrostatic pressure of 4.3 kbar on URh 0.675 Ru 0.325 Ge does not affect T C as shown in section 3.5, but does lower the magnetization in 1 T at low temperatures. This reduction could be explained by an increased delocalization of the electrons. This would however normally decrease T C . For URhGe pressure along any of the three crystallographic axes enhances T C [6] . In URh 0.675 Ru 0.325 Ge the a-axis is much smaller than for URhGe, whereas the b-and c-axes are comparable. Possibly the uniaxial pressure dependence along the a-axis changes sign with increasing Ru concentration x. The x = 0.325 compound would be at the crossover between a positive and a negative uniaxial pressure dependence of T C . It would be interesting to measure other concentrations and at higher pressures.
The URh 1−x Ru x Ge series deserves further investigation by measurements at lower temperatures and other Ru concentrations x in order to prove that the observed nonFermi-liquid (NFL) behavior at x cr = 0.38 is an effect of the proximity to a zerotemperature phase transition, and not due to disorder, like proposed in the Kondo disorder model [33] and the Griffiths phase model [34] . In the Kondo disorder model a distribution of Kondo temperatures T K can arise if a Kondo-lattice material has significant disorder. Around each magnetic impurity, antiferromagnetically coupled to the conduction electrons, the Kondo effect will occur at different values of T K . Averaging over such a distribution can produce thermodynamic and transport properties with NFL-like dependencies. In the Griffiths phase model the presence of disorder is considered to lead to the coexistence of a metallic paramagnetic phase and a granular magnetic phase. In the paramagnetic phase the moments are quenched by the Kondo interaction, giving rise to FL behavior, while the magnetic phase is dominated by the RKKY interaction giving rise to ordered regions.
Co and Si substitution
The main results from the Co and Si substitution study are reported in figure 16a , where the Curie temperature T C of the URh 1−x Co x Ge and URhGe 1−x Si x series are shown as a function of Co and Si concentration x, deduced from the magnetization measurements. In figure 15b the magnetization at 2 K in a field of 1 T is shown.
Substituting Rh by Co in URhGe increases T C considerably to a maximum of 20 K at x = 0.60. The Co concentration x cr for which T C = 0 is close to 1. Hence UCoGe is close to a magnetic instability, easily reachable by substituting a few at.% Co by Rh. Although Canepa et al. [18] found a magnetic transition around 46 K for UCoGe, the results presented here are in accordance with other studies [10, 16] for temperatures down to 1.2 K and indicate no ferromagnetic order.
The number of d-electrons remains constant when substituting Rh by Co. Hence, any change in T C should be an effect of a volume change. Assuming the lattice parameters of URh 1−x Co x Ge to follow Vegard's law, x = 0.60 corresponds to a pressure of 54 kbar (with κ = 0.8 Mbar −1 ). With dT C /dp = 0.065 K/kbar [7] this pressure results in a small increase of ∆T C = 3.5 K. Chemical substitution mainly affects the c-axis and the b-axis to a lesser extent, whereas the a-axis is hardly influenced. This is very different from hydrostatic pressure.
For the URhGe 1−x Si x series T C does not vary up to x = 0.20 although there are significant changes in length for the a-, b-, and c-axes. It is however interesting that the magnetic moment at 2 K in 1 T is enhanced by 25% for x = 0.20. This is an indication of the localization of magnetic moments, due to changes in hybridization.
Conclusions
In summary, the evolution of ferromagnetism in URhGe, in which atoms were substituted by Ru, Co, and Si, have been investigated. For substitution by Ru, T C initially increases, which is attributed to a volume effect. For x > 0.10, T C decreases, which suggests that emptying the d-band governs the hybridization phenomena. Ferromagnetism is completely suppressed for x cr ≈ 0.38. At this critical concentration non-Fermi-liquid (NFL) behavior is observed in the specific heat. At low temperatures it is found that the specific heat can be described by C/T ∼ − ln T . For substitution by Co, T C increases up to 20 K for x = 0.60 and ferromagnetism is suppressed for x close to 1. This means that UCoGe is close to a quantum critical phase transition and provides a good candidate to study a ferromagnetic quantum critical point. Finally, substituting 
